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ABSTRACT

We study the impact of the tidal field on the survivability of star clusters following
instantaneous gas expulsion. Our model clusters are formed with a centrally-peaked
star-formation efficiency profile as a result of star-formation taking place with a con-
stant efficiency per free-fall time. We define the impact of the tidal field as the ratio
of the cluster half-mass radius to its Jacobi radius immediately after gas expulsion,
A = ry/Ry. We vary A by varying either the Galactocentric distance, or the size (hence
volume density) of star clusters.

We propose a new method to measure the violent relaxation duration, in which
we compare the total mass-loss rate of star clusters with their stellar evolutionary
mass-loss rate. That way, we can robustly estimate the bound mass fraction of our
model clusters at the end of violent relaxation. The duration of violent relaxation cor-
relates linearly with the Jacobi radius, when considering identical clusters at different
Galactocentric distances. In contrast, it is nearly constant for the solar neighbourhood
clusters, slightly decreasing with 4. The violent relaxation does not last longer than
50 Myr in our simulations.

Identical model clusters placed at different Galactocentric distances have the same
final bound fraction, despite experiencing different impacts of the tidal field. The solar
neighbourhood clusters with different densities experience only limited variations of
their final bound fraction.

In general, we conclude that the cluster survivability after instantaneous gas ex-
pulsion, as measured by their bound mass fraction at the end of violent relaxation,
Flound, 1s independent of the impact of the tidal field, A.

Key words: stars: kinematics and dynamics — open clusters and associations: general
— solar neighbourhood — Galaxy: disc

1 INTRODUCTION for higher cluster masses and weaker tidal field of the host
galaxy (Boutloukos & Lamers 2003; Lamers et al. 2005a;
Bastian et al. 2012). However, Whitmore et al. (2007), Fall
et al. (2009), Chandar et al. (2010), Chandar et al. (2014)
reported from their extragalactic observations that star clus-
ters dissolve independently of their mass and of their envi-
ronment within the first billion or half a billion years of their

evolution.

Controversial results have been presented by observers re-
garding the dependence of the cluster dissolution time on
the cluster mass and environment (see Lamers 2009; Whit-
more 2017, for an overview). One group of observers reported
that star cluster dissolution depends on the cluster mass and
cluster environment, i.e. the cluster dissolution time is longer
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collaboration started its work to investigate the connection
between environmental conditions in galaxies and their clus-
ter populations (Calzetti et al. 2015). One of the aims of the
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LEGUS collaboration is to investigate the influence of the
environment on the cluster evolution/dissolution in nearby
galaxies. Messa et al. (2018) study the cluster population of
the M51 galaxy as a function of galactocentric distance, and
location with respect to the spiral arms (i.e spiral arms and
inter-arm regions). Considering the clusters younger than
200 Myr they conclude that the cluster age distribution de-
pends on both galactocentric distance and ambient density,
showing evidence for faster cluster dissolution in the inner
and denser regions than in the outer and diffuse (inter arm)
ones, under the assumption of a constant rate of cluster for-
mation. Clusters younger than 10 Myr were not accounted
in the age distribution function because their census is con-
taminated by quickly dissolving unbound clusters.

N-body simulations of the long-term evolution of ini-
tially virialized star clusters show that the dissolution of
clusters depends on both the cluster mass and the environ-
ment (e.g. Fukushige & Heggie 1995; Baumgardt & Makino
2003; Spurzem et al. 2005; Tanikawa & Fukushige 2005; Re-
naud et al. 2008; Rossi et al. 2016, among others). The im-
pact of the tidal field is usually measured by the ratio be-
tween the cluster half-mass radius and the cluster Jacobi ra-
dius (i.e. tidal radius), A = m,/R;. Fukushige & Heggie (1995)
showed that clusters become unstable for 2 ~ 0.7 and get
suddenly disrupted. Ernst et al. (2015), considering initially
virialized solar neighbourhood clusters with different Roche
volume filling factors (hence different 1), showed that Roche
volume overfilling clusters dissolve in a mass-independent
regime. They argued that star clusters might overfill their
Roche lobe as a consequence of residual star-forming gas
expulsion.

Stellar feedback of high-mass stars can drive the resid-
ual gas out of a star-forming region with speeds of about 10
km s7!, even for small star-formation efficiencies (SFE< 0.3,
Dib et al. 2013; Rahner et al. 2019). When a gas embedded
cluster loses most of its mass contained in gas due to gas
expulsion, the weakening of its total gravitational potential
drives it out of virial equilibrium, thus triggering violent re-
laxation.

By definition, violent relaxation is the dynamical evolu-
tion of a star cluster from a state of non-equilibrium into a
new state of (quasi-)equilibrium (Lynden-Bell 1967). In N-
body simulations of the long-term evolution of star clusters,
the violent relaxation is usually neglected or considered to be
over. Shukirgaliyev et al. (2018) (hereafter Paper II) studied
the dissolution of solar neighbourhood clusters starting their
N-body simulations from the beginning of violent relaxation
and showed that the outcome of the latter plays a significant
role on the subsequent long-term evolution of clusters.

Various aspects of star cluster violent relaxation have
been studied: the impact of the gas expulsion time-scale
(e.g. Geyer & Burkert 2001; Baumgardt & Kroupa 2007;
Brinkmann et al. 2017), the impact of hierarchical star for-
mation (e.g. Smith et al. 2013; Lee & Goodwin 2016; Farias
et al. 2017), the interplay of gas dynamics with stellar dy-
namics (e.g. Farias et al. 2018; Wall et al. 2019).

Theoretical works dedicated to the violent relaxation,
usually neglect the impact of the tidal field of the host
galaxy. Only a few papers in the literature have considered
the effect of the tidal field on the cluster early evolution
and survivability after gas expulsion in their N-body simu-
lations: Goodwin (1997); Kroupa et al. (2001); Baumgardt

& Kroupa (2007); Shukirgaliyev et al. (2017). Baumgardt &
Kroupa (2007) are the only ones who mapped the parameter
space of global SFE, gas expulsion time-scale and impact of
the tidal field in a comprehensive way. They reported that
the external tidal field has a significant influence on the clus-
ter survivability when A 2 0.05.

In Shukirgaliyev et al. (2017) (hereafter Paper I) we
studied the survivability of star clusters after instantaneous
gas expulsion, assuming that clusters form according to the
local-density-driven cluster formation model of Parmentier
& Pfalzner (2013). The semi-analytical cluster formation
model of Parmentier & Pfalzner (2013) considers a star for-
mation process happening with a constant SFE per free-
fall time in a centrally concentrated, spherically symmetric
molecular gas clump. As a consequence, the stellar compo-
nent of the gas embedded cluster has a steeper density profile
than the gas component. The results of their cluster forma-
tion model also explains the star-formation relation between
the surface densities of gas and young stellar objects ob-
served in eight nearby molecular clouds by Gutermuth et al.
(2011). Paper I reports that star clusters which form with
such a centrally peaked SFE profile are more resilient to in-
stantaneous gas expulsion than earlier models (e.g. Baum-
gardt & Kroupa 2007, and references therein). That is, our
model clusters survive instantaneous gas expulsion with a
critical global SFE of SFE, = 0.15 instead of SFE, = 0.33
as estimated previously for monolithically formed star clus-
ters. By global SFE, SFEy, we understand the fraction of
gas of a star-forming clump converted into stars by the time
of instantaneous gas expulsion.

Paper I also investigated the impact of the tidal field
by varying the size of clusters on a given orbit and found
that it is not significant within the uncertainty' of 10% on
the bound mass fraction retained by star clusters at the
end of their violent relaxation. However, only a small num-
ber of simulations were performed and they were limited to
only two different birth masses and 3 realizations per model.
Therefore in this paper we study the impact of the tidal field
in a more comprehensive way expanding the results of Pa-
per I to larger ranges of cluster masses and realizations, and
also varying the cluster Galactocentric distance Ryp. This
will be helpful for the understanding and interpretation of
extragalactic observations.

In section 2 we describe our models, initial conditions
and simulations. We measure the duration of violent relax-
ation in section 3. The main results about cluster survivabil-
ity are presented in section 4 and the conclusions in section
5.

2 DESCRIPTION OF CLUSTER MODELS
2.1 Cluster initial conditions

All our model clusters have a Plummer density profile de-
scribing their stellar component immediately before instan-
taneous gas expulsion. We recover the density profile of the
residual star-forming gas assuming that star clusters form

! The uncertainty is a consequence of the randomization of the
initial conditions of the N-body simulations.
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Table 1. The numerical values of the Galaxy component param-
eters from Eq. 1.

Galaxy component M [Moy] a [kpe] b [kpc]

Bulge 1.4 x 1010 0.0 0.3
Disk 9.0 x 1010 3.3 0.3
Halo 7.0 x 101! 0.0 25.0

with a constant SFE per free-fall time (e = 0.05) accord-
ing to the local-density-driven cluster formation model of
Parmentier & Pfalzner (2013). As a consequence, the resid-
ual gas volume density profile is shallower than that of the
stars (see Fig. 2 in Paper I). We assume that gas embed-
ded clusters are in virial equilibrium with the residual gas
potential before gas expulsion. The initial phase-space dis-
tribution of the stars of our model clusters has been gen-
erated with the MKHALO program from falcON package of
McMillan & Dehnen (2007), combined to a specially devel-
oped external potential plug-in ‘GASPOTENTIAL’ (Paper I,
Shukirgaliyev 2018). We do not consider the gravitational
potential of the residual gas in our N-body simulations,
assuming that gas expulsion is instantaneous. Our model
clusters become super-virial once gas expulsion has taken
place, because they were in virial equilibrium with the total
(gas+stars) gravitational potential. The initial stellar mass
function (IMF) of Kroupa (2001) with initial stellar mass
limits of my,, = 0.08 My and m,, = 100M, has been ap-
plied. The direct N-body simulations are performed with
high-resolution paralleled ¢-GRAPE-GPU code (Berczik et al.
2013) with the SSE (Hurley et al. 2000) stellar evolution
recipes turned on.

2.2 The tidal field of the Galaxy

We consider star clusters on circular orbits in the Galactic
disk plane. For the Galactic tidal field we use an axisymmet-
ric three-component Plummer-Kuzmin model (Miyamoto &
Nagai 1975) with the parameters as given in Just et al.
(2009). For the sake of clarity we provide here the Equa-
tion (32) of Just et al. (2009) describing the Galactic tidal
field components

GM
O(R,2) = -

(1)

R2+(a+ b2+z2)2’

where G is the gravitational constant, M is the mass of the
component, and a and b represent the flattening and the core
radius of the component. Their numerical values are given
in Table 1. The rotation curve obtained from the Galactic
potential model is presented in Fig. 1.

We also use Equation (13) from Just et al. (2009) to
calculate the Jacobi radius:

GM 1/3
o () (”

where M; is the Jacobi mass of the cluster (which is the
stellar mass enclosed within one Jacobi radius), 8 = 1.37 is
the normalized epicyclic frequency and Q = V3, /Roy is the
angular speed of a star cluster moving with an orbital speed
Vo 0N a circular orbit at a Galactocentric distance Ry.
We consider the Jacobi mass Mj as the cluster bound
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mass when we measure the bound fraction of our model
clusters. Although it has been discussed that there are stars
beyond the Jacobi radius staying around the cluster for sev-
eral mega-years (Ross et al. 1997; Just et al. 2009), we decide
to keep our definition of the bound mass as the Jacobi mass
to avoid any overestimation.

2.3 Parameter space covered by our grid of
simulations

In our previous works (Paper I and Paper 1) we considered
the evolution of clusters after instantaneous gas expulsion
for different global SFEs (SFEg = [0.1,0.25]) and different
cluster birth masses M, = [3k, 100k] M, (i.e. cluster stellar
mass at the time of instantaneous gas expulsion). We studied
both their violent relaxation and their long-term evolution
till their final dissolution in the Galactic tidal field. All our
model clusters have circular orbits in the Galactic disk plane
at the Galactocentric distance of R, = 8 kpc. Only model
clusters with the impact of the tidal field set to 1 = 0.052
were calculated until full dissolution in Paper II. Hereafter,
when we refer to the impact of the tidal field, we use A = r,/Ry
measured at ¢ = 0 (i.e. immediately after instantaneous gas
expulsion).

Now we expand our set of N-body simulations and we
study the impact of the tidal field on star cluster survivabil-
ity after instantaneous gas expulsion. We consider our pre-
vious models with 2 = 0.052 as our ‘standard’ set of models,
or ‘SO-models’.

We limit ourselves to clusters that survive instantaneous
gas expulsion (i.e. SFEy > 0.15), and we consider the efficien-
cies SFE, = 0.15, 0.17, 0.20, 0.25, and birth masses M, = 3k,
6k, 10k, 15k, 30k, 60k M, (equivalent to a number of stars
N, ~ [5SX 103,><105]). ‘We do not consider any eccentric or
inclined (with respect to the Galactic disk plane) orbits in
this study.

In the scope of this paper we vary the impact of the
tidal field, characterized by the ratio of the cluster half-mass
radius to Jacobi (tidal) radius, 4, in two ways with respect
to our standard set of models:

1) We vary the Galactocentric distance R,y of the model
clusters while keeping constant their physical size () at the
time of instantaneous gas expulsion. We have chosen 4 ad-
ditional Galactocentric distances: Ry, = 2.9, 4.64, 10.95,
and 18.0 kpc, which correspond to 4 = 0.1, 0.075, 0.04, and
0.03. This completes our initial set of “standard” SO-model
clusters, i.e. 4 = 0.052 at Ryp = 8.0 kpc. We name the addi-
tional models as ‘extra Inner-’ (xI), ‘Inner-’ (I), ‘Outer-’ (O)
and ‘extra Outer-’ (xO) orbit model clusters, respectively.
In Fig. 1, which presents the rotation curve of our Galaxy
model, their positions are indicated by black open circles.

2) We vary the physical size r, of the ’S0-model’ clus-
ters, while keeping them in the solar neighbourhood (Rub =
8.0 kpc). That is, we vary the cluster density. In this case, we
expand the few simulations already performed in Paper I for
A=0.1, 0.075, 0.025 into a larger range of birth masses and
more realizations per model. These models are named: ‘the
most diffuse’ (or S+2, when A = 0.1), ‘the diffuse’ (or S+1,
0.075) and ‘the compact’ (or S—1, 0.025) model clusters.

The number of realizations performed per model, where
each model is described by a global SFE (SFE,), cluster
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Figure 1. The rotation curve of our Galaxy model (thick blue
line) and its corresponding components (bulge, disc and halo).
The black open circles show the radii of the circular orbits on
which we put our model clusters: Ryp = 2.9, 4.64, 8.0, 10.95,
18.0 kpc.

birth mass M, and impact of the tidal field A, are presented
in Table 2.

3 THE VIOLENT RELAXATION DURATION

The impact of the tidal field on the cluster survivability can
be quantified by the variations of the cluster bound mass
fraction,M;/M,, at the end of violent relaxation, (i.e. f = tyr),
or final bound fraction,

Mi(t = tyr)
M, ’

®3)

Originally, in Paper I we assumed that the violent re-
laxation ends at an age of 20 Myr?, a limit which we defined
by visual inspection as the time when the rapid decrease of
the bound mass fraction of all model clusters stops and turns
into a constant (see Fig. 3 of Paper I). We then reported that
the duration of the violent relaxation of solar neighbourhood
clusters does not differ significantly for different impacts of
the tidal field. In Shukirgaliyev et al. (2018), when we stud-
ied the long-term evolution of our model clusters, we shifted
our definition of the end of violent relaxation to 30 Myr,
to be sure it is totally over. But now, that we consider the
impact of the tidal field also at different Galactocentric dis-
tances, we need a more robust definition of the violent re-
laxation duration, tyg. We define it as the time when the
total mass-loss rate of a cluster becomes equal to its stellar
evolutionary mass-loss rate. Since the total mass-loss rate
of a violently relaxing cluster consists of both stellar evolu-
tionary mass-loss and the escape of unbound stars due to
violent relaxation our criterion for tygr implies that violent
relaxation is actually over.

In order to measure the mass-loss rates of star clusters
we introduce their time-scale for total mass-loss, defined as

F bound =

2 j.e. 20 Myr after the instantaneous gas expulsion

the inverse of the cluster total mass-loss rate normalized to
the cluster birth mass

amym, "' M
T= —L == (4)

dr M,

Similarly, the time-scale for stellar evolutionary mass loss
is defined as the inverse of the cluster stellar evolutionary
mass-loss rate normalized to the cluster birth mass

M,
MS{EV '

Tstev = —

()

Lamers et al. (2005b) already provided some approxi-
mation, which describes the stellar evolutionary mass loss
fraction of their model clusters for ages t > 12.5 Myr with
an accuracy of a few per cent. However, we need an expres-
sion of the stellar evolutionary mass-loss which is valid also
at younger ages. Additionally, we use the IMF of Kroupa
(2001), instead of the IMF of Salpeter (1955) as Lamers
et al. (2005b) did. Therefore, we fit our own approximation
for Tyey, which provides an excellent fit for the age range
from 4 to 100 Myr?

Tyew = 17.8 (¢ =2)'  [Miyr]. (6)

In top panels of Fig. 2 we present the evolution with
time of the time-scale for total mass-loss, t, of our model
clusters. We show here as examples clusters at two Galacto-
centric distances, Ry, = 2.9 kpc and Ry, = 18.0 kpc in the left
and right panels of Fig. 2, respectively. In the bottom panels
of Fig. 2 the corresponding bound mass fraction evolutions
are presented. The different colours correspond to different
global SFEs (red, blue, green and yellow for SFEy = 0.15,
0.17, 0.20 and 0.25, respectively). The red thick curve in
the top panels shows the median value of the total mass-
loss time-scales of all model clusters for a given environment
(i-e. Ron). The black dashed line in the bottom panels de-
picts stellar evolutionary mass-loss. The stellar evolutionary
mass-loss time-scales as defined by Eq. 5 for two M, = 10° M,
cluster models are shown with black dots in top panels, with
the thin solid black curve being the corresponding best fit
(Eq. 6).

We compare the total mass-loss time-scale, 1, of all mod-
els with the fit function for stellar evolution provided in Eq.
6. That is, we identify the time when the total mass-loss
time-scale of our model clusters becomes longer than the fit
function. We then take the average over all model clusters
for a given impact of the tidal field and define it as the end of
violent relaxation. This average tyg is indicated by the verti-
cal dashed line in each panel of Fig 2, where the shaded area
corresponds to the standard deviation. We provide our mea-
surements of the end of violent relaxation, tyg, as a function
of the impact of the tidal field, 4, in Table 3.

Table 3 consists of two parts: the first-half corresponds
to different Galactocentric distances, while the second-half
corresponds to the solar neighbourhood clusters with differ-
ent sizes. As we can see from Table 3 our new, more robust
measurements of the end of violent relaxation for the local
clusters are consistent with the previous estimates in Pa-
per L.

3 7gTRY is the same for any cluster mass, except for a large back-

ground noise in the case of low-mass clusters.
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Table 2. Number of realizations performed for each model cluster, where each model is described by its birth mass (M, ), global SFE

(SFEg) and impact of the tidal field (4).

My /Mo SFEgl Nnd
A= 0.100 (S+2) 0.100 (xI) 0.075 (I) 0.070 (S+1) 0.050 (S0) 0.040 (O) 0.030 (xO) 0.025 (S-1)
3000 0.15 15 15 16 15 26 16 15 15
3000 0.17 6 6 6 6 6 6 6 6
3000 0.20 6 6 6 6 6 6 6 6
3000 0.25 1 1 1 1 1 1 1 1
6000 0.15 10 10 11 10 36 11 10 10
6000 0.17 6 6 6 6 6 6 6 6
6000 0.20 8 8 6 8 8 6 8 8
6000 0.25 3 3 1 3 3 1 3 3
10000 0.15 11 11 11 11 36 11 11 11
10000 0.20 1
10000 0.25 1
15000 0.15 11 11 12 11 32 12 11 11
15000 0.17 6 6 6 6 6 6 6 6
15000 0.20 8 8 6 8 8 6 8 8
15000 0.25 3 3 1 3 3 1 3 3
30000 0.15 10 10 11 10 27 11 10 10
30000 0.17 6 6 6 6 6 6 6 6
30000 0.20 6 6 6 6 6 6 6 6
30000 0.25 1 1 1 1 1 1 1 1
60000 0.15 8 15 15 15
60000 0.17 1 1 1
60000 0.20 1 1 1
60000 0.25 1 1 1
100000 0.15 3
300000 0.15 1

Table 3. End of violent relaxation for different impacts of the
tidal field.

Model name Ry [kpc] Pl tvr [Myr]
xI 2.9 0.100 79+1.1

I 4.64 0.075 124+23

(0] 10.95 0.040 239x29

xO 18.0 0.030 33.0+4.6
S+2 8.0 0.100 195+32
S+1 8.0 0.070 17519

S0 8.0 0.050 17.9+23

S-1 8.0 0.025 144+ 1.7

The duration of violent relaxation, fyg, correlates lin-
early with the Jacobi radius, R;, when we consider clus-
ters with the same size and mass at different Galactocentric
distances. This correlation illustrates the longer time-span
needed by escaping stars to reach the Jacobi radius when
considering clusters with identical velocity dispersion but
larger Galactocentric distances (first half of Table 3).

When we consider local clusters, compact clusters have
shorter violent relaxation than diffuse ones (second part of
Table 3). This is because, more compact clusters have a
higher velocity dispersion, allowing their escaping stars to
reach the Jacobi radius faster than those of diffuse clusters.

MNRAS 000, 1-8 (2018)

4 FINAL BOUND FRACTION

The final bound fraction Fyoug is the cluster birth mass frac-
tion remaining gravitationally bound to the cluster at the
end of violent relaxation, i.e. at ¢t = tyg. This is an indicator
of cluster survivability after gas expulsion. We showed pre-
viously that the final bound fraction does not depend on the
cluster birth mass M, for solar neighbourhood clusters (Pa-
per I, Paper II). This stands also for other galactocentric
distances (Shukirgaliyev 2018). Therefore, in the following
figures, the final bound fraction for a given global SFE and
a given impact of the tidal field has been averaged through
all cluster birth masses, and their corresponding realizations.

Figure 3 presents the final bound fraction as a func-
tion of the global SFE and of the impact of the tidal field.
Standard deviations are not shown for the sake of clarity.
Our standard SO-model clusters are indicated by green open
circles. Solar neighbourhood clusters of different sizes are
represented by ‘X’-symbols, while model clusters at differ-
ent Galactocentric distances are indicated by ‘+’-symbols.
In each case, the colour-coding corresponds to different im-
pacts of the tidal field (see the key). We compare our results
with those of Baumgardt & Kroupa (2007) obtained for in-
stantaneous gas expulsion and different impacts of the tidal
field ry/ry = 0.01, 0.033, 0.06 and 0.100 (black dots connected
with lines, from top to bottom).

As we mentioned before, Baumgardt & Kroupa (2007)
considered clusters with a radially constant SFE, on circular
orbits in a spherical gravitational potential representative of
the host galaxy. In contrast, we consider clusters formed with
a centrally-peaked SFE profile, as a result of star-formation
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Figure 2. The mass-loss time-scale (top panels) and the bound mass fraction evolution (bottom panels) of star clusters at two Galac-
tocentric distances Ry, = 2.9 kpc and Ry, = 18 kpc are shown in left and right panels, respectively. The different colours code the cluster
global SFEs: SFE, = 0.15 (red), 0.17 (blue), 0.20 (green), and 0.25 (yellow). The red thick line in the upper panels corresponds to the
median of all simulations at a given time (irrespective of global SFE and birth mass). The black dots show the time-scale for stellar
evolutionary mass-loss and correspond to two simulations with M, = 10>My. The black solid line is the corresponding best fit. In the
bottom panels the black dashed line shows the stellar evolutionary mass-loss of a My = 10’ Mo cluster. In each panel the vertical blue
dashed line corresponds to the end of violent relaxation, tyr, with the shaded area corresponding to the standard deviation (see the text

for more explanations).

taking place with a constant efficiency per free-fall time, and
moving on circular orbits in the disk plane of an axisymmet-
ric Galactic potential consisting of a bulge, a disk and a dark
halo. In both cases, the stellar component of a gas embedded
cluster has a Plummer density profile and is in virial equilib-
rium immediately before gas expulsion. The main difference
between both models, if they were considered to be isolated,
would be in the virial ratio (the ratio between kinetic and
potential energies) profile of their stellar component. That is,
in the case of Baumgardt & Kroupa (2007), the virial ratio
of stars immediately after gas expulsion is about constant
through the cluster, because the fraction of stars and gas
was constant. In our model clusters, however, the virial ra-
tio profile decreases toward the cluster centre, because of the
centrally-peaked SFE profile. Due to this difference, as it is
shown in Fig. 3, not only are our model clusters able to resist
instantaneous gas expulsion on SFE as low as SFE, = 0.15,
their survival likelihood depends weakly only on the impact
of the tidal field.

In other words, the centrally-peaked SFE profile, by
dampening the cluster expansion, helps prevent its destruc-
tion by the tidal field of the Galaxy, even for large values
of A (e.g. 4 = 0.1). Decreasing the impact of the tidal field
will not help save a greater bound fraction. It will only delay
the end of violent relaxation, giving more time for unbound
stars to leave the cluster (see Table 3 and also Fig. 27 of
Shukirgaliyev 2018).

Figure 4 presents the bound fraction of our model clus-

ters against the impact of the tidal field for different galac-
tocentric distances. Different colours correspond to different
global SFEs,(SFEy =0.25, 0.20, 0.17 and 0.15, from top to
bottom). Coloured lines with shaded areas correspond to
the mean final bound fraction averaged over all M, and A
for a given SFE,, and the corresponding standard deviation.
This figure demonstrates, that the final bound fraction is
not affected by the tidal field when we consider different
Galactocentric distances.

Figure 5 presents the final bound fraction as a function
of the impact of the tidal field, but for a fixed Galactocentric
distance of Ry, = 8 kpc. In this case, a decreasing trend can
be seen, although the differences in the final bound fraction
remain consistent with each other within the error-bars. The
black dashed lines are the linear fits to the final bound frac-
tions of a given global SFE as a function of 2. Their slopes
are shown on the right-hand-side of the figure and demon-
strate that the trend is weak. A larger range of the impact
of the tidal field is needed to ascertain it.

We therefore conclude that the survivability of our
model star clusters after instantaneous gas expulsion is inde-
pendent of the impact of the tidal field, regardless of whether
this one is due to a varying cluster size or a varying cluster
Galactocentric distance.
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Figure 3. The final bound fraction as a function of global SFE
and impact of the tidal field. The different colours correspond to
different impacts of the tidal field. Green open circles show our
S0-models. The solar neighbourhood clusters with different half-
mass radii are shown by cross symbols, while clusters at differ-
ent Galactocentric distances are presented by plus symbols. Each
point corresponds to the mean bound fraction of a set of simu-
lations with a given global SFE and A. Each set of simulations
consists of models with birth masses ranging from 3k to 30k Mg
at least. The black lines correspond to the results of Baumgardt
& Kroupa (2007) for the case of instantaneous gas expulsion with
their impacts of the tidal field (r,/#) shown next to the black dots.

5 CONCLUSIONS

We have studied the impact of the tidal field on the surviv-
ability of star clusters after instantaneous gas expulsion. To
do so, we have expanded our grid of simulations from Pa-
per I and Paper II, and considered different Galactocentric
distances (Rop = 2.9, 4.64, 8.0, 10.95, 18.0 kpc), as well as
solar neighbourhood clusters (i.e. Ry, = 8 kpe) with different
volume densities. Both cases yield variations of the impact
of the tidal field, that we define as A = r,/R;.

Our model star clusters are formed with a centrally-
peaked SFE profile and have circular orbits in the Galac-
tic disc plane, with the Galactic potential modelled as
a three-component axisymmetric Plummer-Kuzmin model
(Miyamoto & Nagai 1975; Just et al. 2009).

We have measured the duration of violent relaxation for
all our model clusters. We define the end of violent relax-
ation as the moment when stellar evolutionary mass losses
start dominating the rapid (violent) mass-loss resulting from
gas expulsion. As we showed previously in Paper I the vi-
olent relaxation duration does not depend significantly on
the cluster global SFE and birth mass. In our simulations
the violent relaxation does not last longer than 50 Myr. It is
shorter for clusters closer to the Galactic centre and nearly
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Figure 4. The final bound mass fraction as a function of the
impact of the tidal field for different Galactocentric distances.
The colour-coding corresponds to the global SFE and is the same
as in Fig. 2. Each point corresponds to the mean and standard
deviation of model clusters with the same global SFE and impact
of the tidal field.
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Figure 5. The bound mass fraction at the end of violent relax-
ation as a function of the impact of the tidal field for different
cluster central densities at Ry, = 8.0 kpc. Different colours cor-
respond to different global SFEs as in Figs. 2 and 4. Each point
corresponds to the mean and standard deviation for clusters with
the same global SFE and impact of the tidal field.

constant when Ry, = 8.0 kpc is fixed, slightly decreasing with
A (see Table 3).

Next, we have measured the final bound fraction (i.e.
bound mass fraction at the end of violent relaxation) of our
clusters to quantify the impact of the tidal field on the clus-
ter survivability. Identical clusters located at different Galac-
tocentric distances, which thus experience different impacts
of the tidal field, show the same final bound fraction at the
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end of violent relaxation irrespective of their galactocentric
distance (Fig. 4). However, clusters at the same Galacto-
centric distance of 8 kpc, but with different volume densi-
ties, and therefore different impacts of the tidal field as well,
present small variations of about 0.1 in their final bound
fraction such that compact clusters retain a slightly higher
fraction of their stars than diffuse clusters.

In general, we conclude that, within the scope of our
simulations, the cluster survivability after instantaneous gas
expulsion as measured by their bound mass fraction at the
end of violent relaxation Fpoug, is independent of the impact
of the tidal field A.
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